ABSTRACT We evaluated preferences of the parasitoid Glyptapanteles militaris (Walsh) among various host-diet complexes in an effort to understand the abundance of the parasitoid in Azorean pastures. We also examined effects of host diet on the quality of the parasitoid as a biological control agent. The larvae of Pseudaletia unipuncta (Haworth) were reared on three different diets (Zea mays L., Lolium perenne L., and artiÞcial diet) and were exposed to G. militaris. The percentage of parasitized larvae (yielding parasitoid cocoons), of host mortality unrelated to successful parasitism (host death without cocoon formation) and of pupating hosts did not differ signiÞcantly among diet treatments. Also, the total number of parasitoid larvae per host and the mean number of cocoons yielded per host did not differ signiÞcantly when hosts were fed on different diets. Time from egg to cocoon formation (16.1 and 18.6 d, respectively), pupal period (8.0 and 8.5 d, respectively), and total developmental time (24.1 and 26.9 d, respectively) for G. militaris were signiÞcantly shorter (at 22ЊC) when hosts were reared on L. perenne compared with artiÞcial diet. Rate of adult parasitoid emergence from cocoons was signiÞcantly lower when hosts were fed artiÞcial diet (82.5%) than when fed L. perenne (91.2%) or Z. mays (91.1%). The longevity of the adults of G. militaris ranged from 5.1 to 7.2 d among treatments differed signiÞcantly for the three types of diets and between sexes. When adults of G. militaris could choose among hosts reared on Z. mays, L. perenne, or artiÞcial diet, they preferred the hosts fed L. perenne leaves. These results suggest that the parasitoid may be well adapted to the Azorean agricultural ecosystems, characterized by the prevalence of L. perenne throughout the year. Results show that hosts fed fresh leaves of L. perenne are the most suitable for the mass rearing of G. militaris.
emitted by the host and/or by the associated plant (Eller et al. 1988; Turlings et al. 1991; Turlings et al. 1998a Turlings et al. , 1998b Ngi-Song and Overholt 1997; Takács et al. 1997; Takabayashi et al. 1998; Gouinguené et al. 2001; Ockroy et al. 2001) .
This work was designed to study the inßuence of two natural diets and one artiÞcial diet of P. unipuncta on survival, development, sex ratio, and adult longevity of the parasitoid G. militaris. In addition, we also intended to determine whether the parasitoid demonstrates a preference among the different diet-host complexes, to better understand the dynamics of G. militaris in Azorean agricultural ecosystem (Oliveira 1996) .
Materials and Methods
Insects. Glyptapanteles militaris used in this experiment were selected from parasitoids of the Þrst laboratory generation, established from naturally parasitized P. unipuncta larvae collected in pastures at São Miguel Islands, Azores. Groups of 100 cocoons were placed in 400-ml glass vials until adult females emerged and were removed for experiments. Adults were supplied with honey/water solution (10% honey). The Þrst generation of P. unipuncta larvae, taken from laboratory cultures established from eggs laid by Þeld-collected females, was used as hosts.
Development Tests. On the Þrst day after hatching, three groups of P. unipuncta larvae were prepared and maintained on the same type of food until the end of the experiments: (1) fresh Z. mays leaves, (2) fresh L. perenne leaves and, (3) artiÞcial diet [ (Poitout and Bues 1970) modiÞed by Oliveira (1996) ]. The artiÞcial diet, which contains dry grains of corn and dry leaves of L. perenne, was included in the experiments to observe whether the dried plant material loses nutritional quality and/or attractiveness, indirectly for the parasitoids via the hosts, compared with fresh plant leaves. Fresh leaves from Z. mays and L. perenne were sterilized in 10% formaldehyde solution for 20 min and rinsed with distilled water before use to avoid contamination by virus and fungus usually found in the Þelds. Diet was changed within 24 h if fully consumed by the larvae. Otherwise, diet was only changed every 48 h. On the third day after emergence of adult parasitoids, individual female wasps without previous ovipositional experience were each allowed to parasitize a single third-instar larva (i.e., 7 d old) of P. unipuncta. After one sting, the host was removed from the parasitoid and isolated in a plastic container (4.5 ϫ 3 cm) until emergence of the parasitoid progeny. Each parasitized larva was returned to the same type of diet that it received initially. For each diet, 82 parasitized larvae were examined. Cocoons of parasitoids emerging from each host were held in 200-ml glass vials until parasitoid adults emerged. Adult wasps were supplied with honey solution (10%) and mortality of males and females was recorded daily. All studies were performed at 22 Ϯ 1ЊC, 75 Ϯ 5% RH, and a photoperiod of 16:8 (L:D) h.
To determine the larval development time of nonparasitized hosts for each diet, 42 individuals of P. unipuncta were isolated in plastic containers (4.5 ϫ 3 cm) for each diet until pupation. Diet was changed within 24 h when fully consumed by the larvae. Otherwise, diet was only changed at the end of 48 h. Developmental time from hatching to pupation was recorded.
Fourteen biological parameters concerning the host and the parasitoid were analyzed (Table 1) .
Preference Studies. Experiments were conducted to determine the attraction of G. militaris females to third-instar host larvae and their diet (L. perenne, Z. mays, or artiÞcial diet). A Y-tube olfactometer was constructed with glass tubes of 0.4-cm diameter. The two principal arms were 8 cm long and the stem was 8.5 cm long. Test material was placed in small chambers (4.5 cm diameter ϫ 3 cm high). These chambers were placed over the two principal arms of the Y-tube. Females without ovipositional experience were introduced individually into the olfatometer through the stem of the Y-tube. An arm was considered chosen when the parasitoid reached the chamber. Each day, two insects were tested for each host/diet complex. For each tested parasitoid one Y-tube was used (i.e., six Y-tubes were used every day). After each session, all the Y-tubes were thoroughly cleaned with 96% ethanol and de-ionized water and allowed to dry for 24 h. The position of the Y-tube was turned 180Њ after testing 20 insects to avoid effects of any directional bias (20 ϩ 20 insects for each choice material). A nonÞltered airßow of 150 ml/min was pulled through the choice chambers and converged on the stem of the Y-tube. Each arm of the olfactometer had a ßowmeter attached to it to control the airßow. Tests were conducted in an environmental room at 24 Ϯ 5ЊC and 70 Ϯ 5% RH. Illumination was given by a lamp with a intensity of 1380 lumens located 50 cm directly over the olfactometer. To examine the behavior of the adults the following dual choices were observed:
Control was an empty choice chamber. Data Analysis. For development tests, data concerning number of parasitized hosts from which parasitoids emerged, host mortality without parasitoid emergence and hosts that pupated after being stung by the parasitoid were analyzed using a test for multiple comparisons of proportions (Zar 1996) , whereas data from the other parameters were analyzed by analysis of variance (ANOVA), preceded by square root (xϩ0.5) or arcsine square root transformations (for proportions of the data) (Zar 1996) . Where statistical differences existed between data sets (P Ͻ 0.05), Scheffé tests were used to separate the differing means. Possible interactive effects of the host diet and the sex of the wasp on male and female longevity were analyzed by a two-way ANOVA. For adult longevity only offspring from fertilized females (i.e., those producing male and female progeny) were analyzed.
Data from preference tests were compared by a chi-square analysis of contingency tables (P Ͻ 0.05) (Zar 1996) . All analyses were performed using SPSS 6.1 (Norusis 1994) for the Macintosh system.
Results
Development Tests. The percentage of hosts that produced parasitoid progeny was relatively high across all host diets. The percentage of hosts that produced parasitoid progeny, of hosts that died before emergence of the parasitoid, and of surviving hosts after they had been stung by the parasitoid were not signiÞcantly different (all P Ͼ 0.05) when hosts were reared on the three diets (Fig. 1) .
Larval development time of nonparasitized hosts was shorter on plant material than artiÞcial diet (F ϭ 158.96; df ϭ 2, 114; P Ͻ 0.000; Table 2 ). The egg-larval development time of the parasitoid G. militaris was shorter when parasitized hosts were fed L. perenne material than when fed artiÞcial diet (F ϭ 9.27; df ϭ 2, 176; P Ͻ 0.000; Table 2), following the development trend of nonparasitized hosts. SigniÞcant differences were also found among host diets for the pupal period and for the total mean development time of G. militaris (F ϭ 8.84; df ϭ 2, 173; P Ͻ 0.000 and F ϭ 8.72; df ϭ 2, 173; P Ͻ 0.000, respectively) ( Table 2 ). The pupal period was shorter for parasitoids developing on hosts reared on L. perenne compared with artiÞcial diet or Z. mays. Total development was also shorter when hosts were reared on L. perenne compared with artiÞcial diet, but development on Z. mays was intermediate (Table 2) . Host diet did not signiÞcantly affect mean number of parasitoid larvae that emerged from the host larvae but failed to spin a cocoon (F ϭ 2.17; df ϭ 2, 176; P ϭ 0.12), number of parasitoid larvae that failed to emerge from each host (F ϭ 2.19; df ϭ 2, 176; P ϭ 0.12), mean total number of parasitoid larvae per host (F ϭ 0.76; df ϭ 2, 176; P ϭ 0.47) or mean number of parasitoid cocoons yielded per host (F ϭ 1.66; df ϭ 2, 176; P ϭ 0.20) ( Table 3 ).
The percent of females (sex ratio) was low and similar among the three host diets (F ϭ 1.02; df ϭ 2, 174; P ϭ 0.36) ( Table 4 ). Adult emergence rate was Ͼ82% for all diets. However, when host larvae had developed on artiÞcial diet percent adult parasitoid emergence was signiÞcantly less when compared with fresh leaf diets (F ϭ 5.44; df ϭ 2, 176; P ϭ 0.005) ( Table 4) .
Longevity of the wasps was signiÞcantly inßuenced by host diet (F ϭ 26.51; df ϭ 2, 491; P ϭ 0.000), by wasp sex (F ϭ 95.40; df ϭ 1, 492; P ϭ 0.000) and by the interaction between these two factors (F ϭ 20.93; df ϭ 2, 491; P ϭ 0.000). Longevity of the wasps was significantly greater when hosts were reared on L. perenne, followed by Z. mays diet and by artiÞcial diet (P Ͻ 0.005, Scheffé tests; Table 4 ). When comparing the longevity between sexes, females survived signiÞ-cantly longer regardless of the host diet. When hosts were reared on artiÞcial diet, longevity of males was 4.70 Ϯ 1.39 d and of females was 5.58 Ϯ 1.18 d (t ϭ Ϫ8.27; df ϭ 1, 77.06; P Ͻ 0.001). For L. perenne-reared hosts, longevity of males was 6.57 Ϯ 3.05 d and 7.97 Ϯ 3.15 d for females (t ϭ Ϫ5.43; df ϭ 1, 155.03; P Ͻ 0.000). When hosts were reared on a Z. mays diet, longevity of males was 4.75 Ϯ 1.74 d and 9.14 Ϯ 3.02 d for females (t ϭ Ϫ16.59; df ϭ 1, 199; P Ͻ 0.000).
Preference Studies. Parasitoid responses to host larvae on each of the diets compared with no-diet controls showed a signiÞcant preference only between artiÞcial food and the control ( 2 ϭ 7.2, df ϭ 1, P Ͻ 0.05), with no signiÞcant differences observed for the natural diets ( 2 ϭ 1.8, df ϭ 1, P Ͼ 0.05, L. perenne; 2 ϭ 3.2, df ϭ 1, P Ͼ 0.05, Z. mays) (Fig. 2) .
Among diets, a signiÞcant preference was observed for L. perenne over Z. mays ( 2 ϭ 4.9, df ϭ 1, P Ͻ 0.05), but there were no other signiÞcant differences in the choice tests ( 2 ϭ 0.4, df ϭ 1, P Ͼ 0.05, artiÞcial diet/ L. perenne; 2 ϭ 3.6, df ϭ 1, P Ͼ 0.05, artiÞcial diet/ Z. mays) (Fig. 3) .
Discussion
The absence of differences in percentages of hosts that produced parasitoid progeny, in hosts that died before emergence of the parasitoids and in surviving hosts after they had been stung by the parasitoid suggests that the three types of diet were all well accepted by, and suitable for the host insect.
Some studies demonstrate that plants, as host diet, can indirectly affect the efÞciency and Þtness of parasitoids by altering growth and development of their herbivore hosts (Riggin et al. 1992 , Werren et al. 1992 , Idris and GraÞus 1996 , Hofstetter and Raffa 1997 Kruse and Raffa 1997; Turlings and Benrey 1998) . Our results are consistent with previous studies in that both G. militaris and its host, P. unipuncta, developed more slowly on the artiÞcial diet as compared with fresh leaves of L. perenne or Z. mays (Table 2 ). The same pattern is observed for the development of nonparasitized hosts, P. unipuncta, showing that different diets not only affected the development of the herbivores, but can also inßuence their natural enemies. A similar result was obtained by Idris and GraÞus (1996) with Diadegma insulare (Cresson) (Hymenoptera: Ichneumonidae), a parasitoid of Plutella xylostella (L.) (Lepidoptera: Plutellidae), using different host diets. Kruse and Raffa (1997) also found differences in the development times of the parasitoid when studying the effect of different diets for Lymantria dispar (L.) (Lepidoptera: Lymantriidae) on the parasitoid Cotesia melanoscela Ratzeburg (Hymenoptera: Braconidae). Values in each column followed by a different letter differ signiÞcantly for Scheffé test (P Ͻ 0.05). Values in each column followed by a different letter differ signiÞcantly for Scheffé test (P Ͻ 0.05).
The fact that equal parasitoid progeny production was observed for all diets indicates that G. militaris is well adapted to P. unipuncta feeding either on natural host plant or on artiÞcial diet. In addition, no encapsulated parasitoids were observed in hosts reared on these three diets. Benrey and Denno (1997) found that host diet could inßuence the herbivoreÕs overall ability to encapsulate parasitoid larvae: when Pieris rapae (L.) (Lepidoptera: Pieridae) was fed with Tropaeolum majus (Tropaeolaceae) a lower encapsulation rate of the parasitoid Cotesia glomerata Ratzeburg (Hymenoptera: Braconidae) was observed compared with those fed with Brassicae oleracea (Cruciferae). These authors suggest the success of encapsulation reactions depends on the vigor of the herbivore that can be inßuenced by the nutritional quality of the host diet.
The low percent of females of G. militaris observed in this study, independent of host diet, was also noted by Oliveira (1996) and Oliveira et al. (1998 Oliveira et al. ( , 1999b for populations of G. militaris collected in Azores islands, and reared under laboratory conditions.
The signiÞcantly lower percent emergence of parasitoids from hosts reared on artiÞcial diet could be a result of the greater level of moisture present in the small plastic containers with this diet, in comparison to the containers with fresh leaves. High relative humidity could make it more difÞcult for the adult parasitoid to escape from the cocoon Ð the artiÞcial diet is composed of a high percent of water and is a more compacted food source than fresh leaves.
Glyptapanteles militaris females survived signiÞ-cantly longer than males regardless of the host diet. In addition, the longevity of wasps (males and females) was highest when the hosts were reared on L. perenne. Once again, our results point out the suitability of L. perenne as a diet for P. unipuncta while host of G. militaris.
We did not detect differential attractiveness for the wasps to different complexes of host-fresh leaves or artiÞcial diet. This may be because of the fact that maize ßour and dry ground L. perenne are in artiÞcial diet.
Overall, these results show that the three diets can be used in the mass rearing of G. militaris using P. unipuncta as host. However, we observed differences in the biology of the parasitoid, showing a higher longevity and a faster developmental time when hosts were reared on L. perenne, indicating that this diet is the most suitable for the mass rearing of G. militaris. Nevertheless, mass rearing on an artiÞcial diet should not be disregarded because it is more cost effective, especially in terms of man-power and quality control. Therefore studies concerning improvement of the quality of artiÞcial diet are being developed.
These results suggest that the parasitoid may be well adapted to the Azorean agricultural ecosystems, characterized by the prevalence of L. perenne during all the year. The prevalence of this parasitoid in this ecosystem is well demonstrated (Oliveira 1996) . Furthermore, the higher preference of G. militaris for larvae of P. unipuncta reared on L. perenne may explain the high levels of parasitism observed in the Azorean pastures for this host/parasitoid association.
